Fluorescence microscopy provides important functions for the study of biological processes at the cellular and subcellular levels with unprecedented molecular specificity. However, spatial resolution in conventional fluorescence microscopy is fundamentally limited by the optical diffraction barrier known as Abbe's limit[@b1]. This resolution limit represents an unavoidable barrier when using this technology to investigate the structures and functions of biomolecules at sizes less than the half of a light wavelength. To overcome this diffraction barrier[@b2][@b3][@b4], several forms of superresolution fluorescence microscopy techniques[@b5][@b6][@b7][@b8][@b9] have been developed in recent decades. Among them, superresolution methods including photo-activated localization microscopy (PALM)[@b10][@b11][@b12] and stochastic optical reconstruction microscopy (STORM)[@b13][@b14], using the emission properties of fluorophores, have attracted significant interest due to their simplicity and easily applicability to existing commercial light microscopes. Despite these advantages, this technology cannot be used for superresolution in the general biological studies. This is because it requires complex equipment and modification of fluorophore functions to assign and control the emission properties of fluorophores[@b15][@b16]. Lately, as a means to alleviate these requirements, superresolution optical fluctuation imaging (SOFI)[@b17] was introduced, which is based on statistical analysis of fluctuation caused by intrinsic blinking in fluorophores. Without requiring complex equipment, SOFI can provide a superresolution image with a high signal-to-noise ratio using temporally fluctuating signals of fluorophores and cumulant analysis which is a form of statistical analysis related to correlation. Moreover, SOFI has shown potential for use with conventional microscopes.

However, since SOFI requires two important properties known as blinking and correlation, to obtain superresolution images, SOFI has been only applicable for samples labeled with quantum dots and organic and protein fluorophores[@b18] that have intrinsic blinking characteristic within a timescale limited by the imaging system. These requirements restrict direct application of SOFI to study of biological processes since many common fluorophores conjugated to biological samples have short blinking timescales. Several approaches[@b19][@b20] have been introduced to overcome these limitations of the SOFI technique. Even though these methods extended the selectivity of fluorophores in SOFI, they still face limitations similar to those of SOFI. Thus, to overcome the limitations of SOFI completely, it is important that the optical fluctuation caused by the intrinsic blinking of fluorophores in SOFI is replaced by controllable fluctuation that is directly and simply induced by an external method, such as random patterns illumination, and that is unaffected by the type of fluorophore.

Here, we propose a new approach combining SOFI with speckle patterns illumination (S-SOFI) to generate illumination-induced optical fluctuation. In this approach, varying the speckle patterns illumination induces temporal fluctuation of fluorophore emission signals. These speckle-induced flickering signals from the fluorophores are analyzed and reconstructed using a SOFI algorithm to generate suprresolution images. Since the speckle pattern employed as the random pattern has many interesting statistical characteristics[@b21], speckle patterns have already been used in several superresolution methods[@b22][@b23] combining nonlinear analysis to extract high spatial frequency components of samples. However, nonlinear analysis is intractable and requires a great deal of computational time to get a superresolution image. Therefore, in this paper, we develop S-SOFI microscopy and demonstrate that not only does it give direct superresolution images (without nonlinear analysis), but also overcomes previous limitations of the SOFI method.

Principles
==========

The principle of S-SOFI is illustrated in [Fig. 1a](#f1){ref-type="fig"}. Since speckle pattern has spots with random shapes, fluorophore probes of target sample can be randomly and temporally fluctuated when time-varying speckle patterns are used as illumination. Under fluctuating illumination, the intensity of fluorescence signals from N single emitters with specific distribution located at position ***r***~*k*~ at time t is described by

where *U*(∙) denotes the diffraction-limited point spread function in the case of an incoherent source, *ε*~*k*~ denotes molecular brightness and *s*~*k*~(*t*) represents fluctuation signals at time *t*. In the S-SOFI method, *s*~*k*~(*t*) term which represents fluctuation that does not come from intrinsic fluctuation of fluorophores, but from induced fluctuation using speckle patterns illumination. This is unlike original SOFI. As mentioned in the previous section, using the SOFI method requires correlation analysis of fluctuation signals in order to construct high resolution images; therefore, we have to consider not only fluctuation of fluorophores induced by varying speckle patterns illumination, but also their correlation.

Among many interesting properties of speckle patterns including correlation[@b24][@b25][@b26][@b27] and memory effect[@b28][@b29], speckle patterns correlation (The key property in our approach) was experimentally and theoretically demonstrated by Shapiro[@b24] and Stephen *et al.*[@b25]. This is a type of spatial correlation defined as a function of the relative position between speckle patterns. Therefore, to convert this spatial correlation to temporal correlation, we need to control the lateral displacement between the disordered medium and the source at submicron scale, with time. This is determined by the minimum value between the mean free path l of a disordered medium and the incident light wavelength λ (details of speckle patterns correlation are provided the [Supplementary Information](#S1){ref-type="supplementary-material"}). It is a challenge for S-SOFI to displace the disordered medium at submicron scale in order to employ this correlation property. However, interestingly, this correlation can be modified using a linear optics system, according to Goodman[@b21]. For example, speckle patterns may be illuminated by an optical system with demagnification *M~d~* = *1/M*, then correlation can be interpreted approximately as a delta function. This means that correlation of speckle patterns passed through a linear optical system with demagnification, can be modified into the point spread function (PSF) of the optical system (detailed description in [Supplementary Information](#S1){ref-type="supplementary-material"}). Therefore, it can be given by

where *C*~*m*~(∙) denotes the modified spatial correlation, *A* denotes a constant of modified spatial correlation, *PSF*(∙) denotes a diffraction-limited PSF defined in case of coherent source, ***r ′*** denotes a rescaled coordinate with demagnification and *Δ**r ′*** denotes a rescaled relative position. Thus, since equation [(2)](#eq2){ref-type="disp-formula"} implies that the modified spatial correlation function can survive at a longer range than l and λ, the restriction of control range of the lateral displacement for correlation can be relaxed enough to employ speckle patterns illumination.

Simulation with an analytic model and a real speckle pattern
============================================================

The experimental setup used to apply S-SOFI for commercial optical microscopes is shown in [Fig. 1b](#f1){ref-type="fig"}. To make speckle patterns with fluctuation and correlation, a diffuser (DG20-1500-MD, Thorlab, USA) used as a disordered medium, was installed with a motorized stage (LNR50S, Thorlab, USA) for translational displacement at the part of illumination of a conventional inverted light microscope. These speckle patterns can be temporally fluctuated by shifting the diffuser using the motorized stage. Using these varying speckle patterns as illumination, the labeling fluorophores of the sample are excited and the emissions temporally fluctuate. Finally, this fluctuating fluorescence signal is measured as fluorescence intensity images by an electron-multiplying charge coupled device (EMCCD, Andor iXon DU 897D, Belfast, UK) over time (details of the experimental setup in Methods). The measured fluorescence images are then analyzed using the SOFI algorithm.

To demonstrate the improved resolution of S-SOFI, we should compare a reconstructed image with a wide field image obtained under uniform illumination. For a fair comparison, the average of speckle patterns illumination used for reconstruction is a reasonable substitute to uniform illumination (detailed description of uniform illumination in [Supplementary Information](#S1){ref-type="supplementary-material"}).

We first performed numerical simulations to evaluate the performance of S-SOFI. Simulated images of a virtual sample containing two fluorophores with interdistance ***a*** was reconstructed via an analytic model and experimental simulation, under the assumption that the numerical aperture (NA) of an objective lens for illumination is 0.5, and that the wavelength of light is 532 nm. The second order cumulant function *G*~*2*~(***r**, τ*) in the case of a virtual sample containing two fluorophores, based on equations [(1)](#eq1){ref-type="disp-formula"}, is given by

where *τ* is the time lag between each frame, *C*~*m*~ is the correlation made by speckle patterns and ***D***(*τ*) is the step size of the motorized stage rescaled in relation to optical magnification. Since ***D***(*τ*) can be neglected in the calculation when it is rescaled according to optical magnification, and the step size of the motorized stage is small enough, we can get a simple equation, such as in equation ([3](#eq3){ref-type="disp-formula"}) (details of ***D***(*τ*) in [Supplementary Information](#S1){ref-type="supplementary-material"}). Based on this equation, the S-SOFI image of an analytic model is calculated (detailed description in [Supplementary Information](#S1){ref-type="supplementary-material"}).

Experimental simulation was performed using the correlated speckle patterns measured using the experimental setup, combined with the illumination objective lens (inset of [Fig. 1b](#f1){ref-type="fig"}). A pixel size of the EMCCD corresponds to 32 nm at the sample plane at 500× magnification (detailed experimental setup in Methods and [Supplementary information](#S1){ref-type="supplementary-material"}). Virtual sample images illuminated by 300 correlated speckle patterns, were calculated through convolution of the measured speckle patterns and virtual sample as illustrated [Fig. 2a](#f2){ref-type="fig"}. For comparison of the two simulations, the images of a virtual sample containing two fluorophores, and an interdistance of ***a*** = 544 nm (near the diffraction-limited distance), were simulated with each method under the same simulation conditions. In addition, the Fourier reweighting (FRW) method introduced by Dertinger *et al.*[@b30] was applied to both simulations to improve the resolution enhancement of SOFI. The FRW approach allows deduction of the maximum spatial frequency physically accessible from measured images, using a simple reweighting for the optical transfer function (OTF) (detailed description of FRW in Methods and [Supplementary Information](#S1){ref-type="supplementary-material"}). Reconstructing images of S-SOFI and FRW through the analytic model and experimental simulation, superreoslution images were obtained as shown in [Fig. 2b,c](#f2){ref-type="fig"}, respectively. As illustrated in [Fig. 2b,c](#f2){ref-type="fig"}, the images from the sample containing two fluorophores show similar results. These results mean that analytic model is in good agreement with the real measurement of S-SOFI. Therefore, the analytic model can be used to estimate the S-SOFI resolution. To define the resolution enhancement of our method, the analytic model was used to calculate a matrix with pixel size of 1 nm. Using the analytic model and the criterion defining Abbe's limit, resolution enhancement was evaluated as follows. The second order S-SOFI (2^nd^ S-SOFI) showed 1.3× enhancement ([Fig. 2d](#f2){ref-type="fig"}) and the second order S-SOFI with FRW (2^nd^ S-SOFI with FRW) showed 1.6× enhancement ([Fig. 2e](#f2){ref-type="fig"}).

Experimental imaging
====================

S-SOFI was then validated using experimental images of radial fluorescent nanopatterns obtained from the experimental setup in [Fig. 1b](#f1){ref-type="fig"}, using an objective lens with NA = 0.5. The radial fluorescent nanopattern was made by E-beam lithography using a mixture of Rhodamine 6G fluorescent dyes and hydrogen silsesquioxane (HSQ) which formed a negative e-beam resist on the glass substrate. According to simulation prediction and Nyquist sampling theory, the imaging pixel size was adjusted to 100 nm through 160× magnification for detection (details of samples are given in Methods). Sample images (as illustrated in [Supplementary Movie 1](#S1){ref-type="supplementary-material"}) were measured with 700 correlated speckle patterns used as illumination (exposure time = 60 ms), and processed using the SOFI algorithm and FRW method. The 2^nd^ S-SOFI image ([Fig. 3c](#f3){ref-type="fig"}) and 2^nd^ S-SOFI with FRW ([Fig. 3d](#f3){ref-type="fig"}) exhibited better resolution image compared with the conventional wide field image ([Fig. 3a](#f3){ref-type="fig"}). However, contrast of 2^nd^ S-SOFI image ([Fig. 3c](#f3){ref-type="fig"}) shows distortion compared to that of wide field image simulation results in previous section. This contrast distortion comes from the amplified molecular brightness *ε*, which is squared in equation ([3](#eq3){ref-type="disp-formula"}). To remove this unwanted side effect, the amplified molecular brightness is corrected by simple linearization using deconvolution. Similar technique have been used to correct amplified molecular brightness in high order SOFI[@b31]. As shown in correction images ([Fig. 3e,f](#f3){ref-type="fig"}), the contrast distortion almost disappears (detail description of contrast distortion correction in Methods). The line profiles of each image (dashed lines with black circles in [Fig. 3a](#f3){ref-type="fig"}) show that the 2^nd^ S-SOFI ([Fig. 3e](#f3){ref-type="fig"}), and 2^nd^ S-SOFI with FRW ([Fig. 3f](#f3){ref-type="fig"}), can resolve two adjacent lines of the nanopattern that are \~400 and \~300 nm apart ([Fig. 4 (i)](#f4){ref-type="fig"} and (ii), respectively). These results are the almost the same as those obtained from the analytic model. With this result, we verified that our analytic model is able to describe S-SOFI with good accuracy.

Finally, S-SOFI was applied to image a biological cell. The samples were illuminated with 700 correlated speckle patterns using a microscope objective lenses with NA = 0.4 and 1.4. To precisely verify the enhanced resolution, a single pixel size in the EMCCD corresponds to 100 nm (0.4 NA) and 16 nm (1.4 NA) in the sample plane due to a detection magnification 160× and 1000×, respectively. The biological sample used, was fixed actin filaments in bovine pulmonary artery endothelial cells (BPAEC) on biological test slide (FluoCells® prepared slide\#2 (F14781), Molecular probes, Eugene, OR, USA), labeled with Texas Red®-X Phalloidin (T7471, Lifetechnologies, USA). Seven hundred images provided by various speckle pattern illuminations (exposure time = 100 ms (0.4 NA) and 200 ms (1.4 NA)) were processed using SOFI, the FRW algorithm, and molecular brightness correction. As clearly shown in [Figs 5c,d](#f5){ref-type="fig"} and [6c,d](#f6){ref-type="fig"}, the 2^nd^ S-SOFI image, and 2^nd^ S-SOFI with FRW, showed significant improvements in spatial resolution compared to the conventional wide field image and deconvolution image ([Figs 5a,b](#f5){ref-type="fig"} and [6a,b](#f6){ref-type="fig"}). As shown in [Figs 5i](#f5){ref-type="fig"} and [6i](#f6){ref-type="fig"}, this improvement in resolution can also be observed in the line profiles depicted with dashed lines in [Figs 5e--h](#f5){ref-type="fig"} and [6e--h](#f6){ref-type="fig"}e--h, respectively.

Discussion
==========

Utilizing controllable temporal optical fluctuation generated from speckle patterns, we developed S-SOFI for superresolution based on the induced fluctuation and correlation with speckle patterns illuminations. The capability of S-SOFI was demonstrated using analytic calculation, simulation, experimental methods. The reconstructed images could provide at least 1.6× resolution enhancement (2^nd^ S-SOFI with FRW) compared with the conventional wide field microscopy. In this article, S-SOFI was demonstrated using a far-field speckle pattern at the diffraction-limited size of the optical system. This diffraction-limited speckle pattern has been regarded as unable to provide subdiffraction resolution images since it makes it impossible for the fluorophores to have totally independent fluctuation. Even though the resolution enhancement of S-SOFI cannot reach the root of the cumulant order unlike original SOFI because of the cross correlation between fluorophores comes from the diffraction-limited size of the speckle patterns (detail description in [Supplementary](#S1){ref-type="supplementary-material"}), we arrived at the surprising conclusion that S-SOFI method can achieve superresolution contrary to general expectation.

The S-SOFI method includes some limitations, such as low resolution enhancement and the need for many image frames for superresolution imaging. The demonstrated 1.6× resolution enhancement of S-SOFI is relatively low compared to other superresolution methods that utilize the emission properties of fluorophores. However, the resolution enhancement could be increased using speckle patterns at subdiffraction size (e.g., near field speckle pattern) since the enhancement of S-SOFI resolution depends the size of speckle patterns, which can also determine the magnitude of spatial correlation. Also, the number of image frames required in the imaging process could be reduced by changing the temporal correlation length, which may be controlled by adjusting the step size of the motorized stage unlike intrinsic blinking of fluorophores. However, when changing the step size of the motorized stage to control the temporal correlation, we have to consider ***D***(*τ*) in Equation ([3](#eq3){ref-type="disp-formula"}), since it is not small enough to neglect. Thus, large ***D***(*τ*) can bring about considerable distortion during resolution enhancement of S-SOFI. To remove this effect, we applied zero time lag (*τ* = 0) approach in the SOFI algorithm[@b17][@b30]. Because this approach means that image fluctuations are analyzed by the SOFI algorithm without time shifting, the step size of motorized stage does not affect S-SOFI in equation ([3](#eq3){ref-type="disp-formula"}). Applying this approach, S-SOFI is able not only to reduce the number of images needed for S-SOFI, but also to manipulate the displacement of the disordered medium without restriction. This implies that random speckle patterns, without control of step size of the motorized stage, could be used for S-SOFI. Although we showed S-SOFI results using many image frames in this article, we can demonstrate that it is possible to obtain similar results using fewer image frames by applying correlation control (details of correlation control, and the demonstration, are given in the [Supplementary Information](#S1){ref-type="supplementary-material"}). However, for making controllable fluctuation and correlation, S-SOFI still requires additional equipment including a diffuser and a motorized stage. While this requirement limits the applications of S-SOFI, it enables the use of any sample without any concern for fluorophore type. This is because fluctuation and correlation of the fluorophore is induced and controlled by this external equipment. Furthermore, it is easier and simpler to install in a conventional light microscope compared to other superresolution methods.

In conclusion, S-SOFI has many advantages for general microscopic imaging applications. Because controllable optical fluctuation and correlation are used in this method, it can overcome the limitations of SOFI caused by dependence on fluorophore blinking. Because SOFI analysis can extract high spatial frequency components from such fluctuation, this method can give superresolution images without nonlinear analysis. Furthermore, the instruments required for S-SOFI imaging can easily be combined with existing microscopes since the only additional parts required, compared to conventional microscopy, are the disordered medium and motorize stage. This method could be extended to non-fluorescence microscopy because the fluctuation property in this method comes from illumination, not from blinking of a sample. Speckle distortion, which is concurrent with shifts in the speckle pattern[@b32] and is ignored to simplify of analytic model, as well as near-field speckle pattern illumination can lead to further reduction of correlation length[@b33][@b34][@b35]. As a result, it is possible to increase the enhancement of resolution using higher order correlation. Not only speckle patterns used in our approach, but any illumination pattern with fluctuation and correlation, could be also used with this method.

Methods
=======

Experimental setup for measuring speckle patterns
-------------------------------------------------

To illuminate and detect speckle patterns, a conventional inverted microscope (IX71, Olympus, USA) was combined with a conventional upright microscope (BXFM, Olympus, USA). The conventional inverted microscope was used to detect the speckle patterns, and the conventional upright microscope was used to illuminate the sample with the speckle patterns (inset of [Fig. 1b](#f1){ref-type="fig"}). To prevent loss of spatial frequency information from the speckle pattern, higher NA objective lenses (NA = 0.8) were employed for detection, than for illumination (NA = 0.5). To make a correlated speckle pattern, the illumination part was combined with a diffuser (DG20-1500-MD, Thorlab, USA) and a motorize stage (LNR50S, Thorlab, USA). Light from a 532 nm laser (500 mW, Shanghai Dream Laser, China) illuminated the diffuser and these emerging beams from the diffuser generated correlated speckle patterns as the diffuser was moved on the motorized stage. The beams with the correlated speckle patterns propagated to the illumination objective lens. The speckle patterns were demagnified during propagation through the illumination objective. In order to use the modified correlation, we illuminated the beam with the demagnified speckle pattern through the detection objective lens and the 4f system. Finally, the speckle pattern is detected using the EMCCD (Andor iXon DU 897D, Belfast, UK), which is synchronized with the motorized stage translation diffuser using software. In this experiment, a single pixel in the EMCCD corresponds to 32 nm in the sample plane due to a lateral magnification of 500×. Thus, the speckle images are oversampled beyond the Nyquist theorem with the intention to achieve the resolution enhancement expected from the analytical model. Additionally, it provides a chance for a clear estimation of the S-SOFI resolution with an accuracy of 32 nm. A detailed figure of the experiment setup is provided in [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}.

Experimental setup for measuring fluorescence samples
-----------------------------------------------------

The setup for measurement of fluorescence samples was almost same as that explained in the previous section, except that the conventional microscope used for illumination was removed and that role is performed by a detection objective lens (shown in [Fig. 1b](#f1){ref-type="fig"}). The objective lenses with NA = 0.5, NA = 0.4 and 1.4 were used for experiment of the radial fluorescent nanopattern and biological sample, respectively. The beams from the diffuser, of the correlated speckle patterns, illuminate the sample using the 4f system and a dichroic mirror (Di02-R532-25 × 36, Semrock, USA). During the propagation, speckle patterns were demagnified by the objective lens in order to use modified correlation. The illumination induced fluctuating signals from the fluorophore, which were filtered using the dichroic mirror and long-pass filter (BLP01-532R-25, Semrock, USA), and then measured using the EMCCD.

Radial fluorescent nanopattern
------------------------------

The radial fluorescent nanopattern was made as follows. First, hydrogen silsesquioxane (HSQ) (Negative E-beam resist, Dow Corning Co. FOX-16, USA) was mixed with Rhodamine 6G (R1427, Sigma-Aldrich, USA). Second, this mixture was spin-coated onto at glass substrate followed by soft baking. Then the radial nanopattern was patterned on the glass substrate using E-beam lithography. Third, to remove regions other the desired pattern, the sample was developed. Finally, we achieved radial nanopattern including Rhodamine 6G. The scanning electron microscopy (SEM) image is given in [Supplementary Fig. S11](#S1){ref-type="supplementary-material"}.

Fourier reweighting method
--------------------------

The Fourier reweighting (FRW) method can improve resolution enhancement of SOFI. According to the FRW, using a simple reweighting for the optical transfer function (OTF), resolution enhancement of SOFI can be improved even more (e.g., root (2) → 2). Mathematical expression of FRW is given by

where *SOFI2*(***r***) is the 2^nd^ SOFI image obtained by S-SOFI, *SOFI2*~*FRW*~(***r***) is the 2^nd^ SOFI FRW image obtained by applying the FRW method to the 2^nd^ SOFI image, and *F*{∙}*, F*^*−1*^{∙} are the Fourier transform and inverse Fourier transform, respectively. Here, *U*(∙) is the diffraction-limited point spread function (PSF) of the optical system for the case of an incoherent source, α is a damping factor to prevent from divergence. The 2^nd^ SOFI FRW image in the experimental section was obtained using this equation.

Correction of molecular brightness
----------------------------------

The contrast distortion of S-SOFI image occurs by amplified molecular brightness during SOFI algorithm, as shown in equation ([3](#eq3){ref-type="disp-formula"}). In case of simulation, because molecular brightness of fluorophores is same, this factor cannot affect contrast distortion. But, in case of real experiment, fluorophores with unequal molecular brightness distort the contrast of final image. To remove this distortion, we adopt simple linearization using deconvolution method, which consists of three steps after SOFI algorithm. First, 2^nd^ SOFI image is deconvolved with PSF using a Lucy-Richardson algorithm. Second, the deconvolved image takes the square root to linearization of molecular brightness. Finally, the image is reconvolved with PSF. From this progress and equation ([3](#eq3){ref-type="disp-formula"}), the corrected equation is mathematically given by

Therefore, amplified molecular brightness is corrected by simple linearization. The corrected image in the experimental section was obtained using this process.
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![Schematic diagram of S-SOFI concept and experimental setup of S-SOFI.\
(**a**) Dynamic speckle patterns, which were made by moving the disordered medium, illuminate the sample labelled with fluorophores. These speckle patterns induce fluctuation in the emission of the fluorophores. (**b**) A disordered medium is set at the illumination part of a conventional inverted microscope with a motorize stage, to make speckle patterns and correlation between speckle patterns. To use modified correlation, this setup was designed such that speckle patterns were demagnified by the objective lens. The inset of (**b**), inside the gray-line box, shows the experimental setup modified by combining the illumination objective lens to measure the speckle pattern itself, using a detection objective lens of higher NA than for the illumination, to prevent loss of speckle pattern information.](srep16525-f1){#f1}

![Schematic steps for experimental simulation and results.\
(**a**) Each of 300 correlated speckle patterns (motorized stage step = 4 μm, objective lens NA = 0.5) provided by the experimental setup is multiplied with the virtual sample containing two fluorophores. Finally, the images produced with speckle patterns illumination were obtained by convolution using a detection point spread function with NA = 0.5. (**b**) Images of two fluorophores ***a*** = 544 nm apart were obtained by analytic model simulation. (**c**) Images of the same fluorophores as (**b**) were gotten using experimental simulation. Mean images were produced by averaging of 300 speckle patterns illumination images. The 2^nd^ S-SOFI image was reconstructed using the 2^nd^ order SOFI algorithm, and the 2^nd^ S-SOFI FRW image was gotten from the Fourier reweighting method. (**d**,**e**) The images show the resolution limits of 2^nd^ SOFI, and 2^nd^ SOFI with FRW, employing the criterion of the Abbe limit. The color bar represents normalized intensity. The scale bars in all figures indicate 500 nm](srep16525-f2){#f2}

![Experimental S-SOFI data from the radial fluorescent nanopattern.\
The sample was made using E-beam lithography from hydrogen silsesquioxane (HSQ) mixed with Rhodamine 6G fluorescent dye. It was illuminated by 700 correlated speckle patterns with a motorized stage with step size of 6 μm and an objective lens NA = 0.5. (**a**) Mean image from averaging 700 images, (**b**) The deconvolution of the image (**a**) with PSF, (**c**) 2^nd^ S-SOFI image reconstructed by the 2^nd^ order SOFI algorithm from 700 images, (**d**) 2^nd^ S-SOFI FRW image reconstructed by applying the Fourier reweighting method to 2^nd^ S-SOFI images. (**e**,**f**) The images correcting the distortion of amplified molecular brightness from (**c,d**). The color bar represents normalized intensity. The scale bars in all figures indicate 5 μm.](srep16525-f3){#f3}

![Resolution enhancement of S-SOFI.\
The cross-sectional line profiles along the dashed line with black circle in [Fig. 3a](#f3){ref-type="fig"}. And same line profiles were taken from [Fig. 3b,e,f](#f3){ref-type="fig"}. Note that the 2^nd^ S-SOFI image can resolve two lines that are \~400 nm apart, as shown in (i), and the 2^nd^ S-SOFI with FRW image can resolve two lines that are \~300 nm apart, as shown in (ii).](srep16525-f4){#f4}

![Experimental S-SOFI data of the biological sample obtained with a low NA (0.4) objective lens and the cross sectional intensity line profiles.\
The sample is an actin filament of bovine pulmonary artery endothelial cells (BPAEC) from a biological test slide (FluoCells® prepared slide \#2 (F14781), Molecular probes, Eugene, OR, USA) labeled with Texas Red (T7471, Lifetechnologies, USA). This sample images were obtained by illumination using 700 correlated speckle patterns with motorized stage with step size of 2 μm and objective lens NA = 0.4. (**a**) Mean image from averaging 700 images, (**b**) The deconvolved image of (**a**), (**c**) 2^nd^ S-SOFI image processed by 2^nd^ SOFI algorithm and correction, (**d**) 2^nd^ S-SOFI FRW reconstructed by applying the Fourier reweighting method to 2^nd^ SOFI images. (**e**--**h**) They are expanded images of the regions within the dashed line boxes. The color bar represents normalized intensity. (**i**) The cross-sectional intensity line profiles were taken from the colored dashed lines in (**e**--**h**). Black solid line indicates wide field image. Black dot line indicates deconvolution image. And each blue, green solid line indicates 2^nd^ SOFI and 2^nd^ SOFI FRW image, respectively. All the scale bars indicate 5 μm.](srep16525-f5){#f5}

![Experimental S-SOFI data of the biological sample obtained with a high NA (1.4) objective lens and the cross sectional intensity line profiles.\
700 frames of image of sample were obtained with motorized stage wih step size of 7 μm and objective lens NA = 1.4. (**a**) Mean image from averaging 700 images, (**b**) The deconvolved image of (**a,c**) 2^nd^ S-SOFI image processed by 2^nd^ SOFI algorithm and brightness correction, (**d**) 2^nd^ S-SOFI FRW reconstructed by applying the Fourier reweighting method to 2^nd^ SOFI images. (**e**--**h**) They are expanded images of the regions within the dashed line boxes. The color bar represents normalized intensity. (**i**) The cross-sectional intensity line profiles were taken from the colored dashed lines in (**e**--**h**). Black solid line indicates wide field image. Black dot line indicates deconvolution image. And each blue, green solid line indicates 2^nd^ SOFI and 2^nd^ SOFI FRW image, respectively. All the scale bars indicate 500 nm.](srep16525-f6){#f6}
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